Purified host-cell-free Rickettsia prowazekii synthesized protein from leucine, lysine, or proline as radioactive precursor. Most, if not all, of the rickettsial proteins were synthesized. The specific activities of the newly synthesized proteins in the cytoplasmic fraction and in the envelope fraction were not significantly different, indicating that both soluble and envelope proteins were synthesized and the latter were inserted into the envelope. The synthesis of protein was sensitive to chloramphenicol but insensitive to the eucaryotic inhibitors cycloheximide and atractyloside. When added before the initiation of synthetic activity, rifampin, a transcriptional inhibitor, inhibited protein synthesis as quickly and extensively as did chloramphenicol, a translational inhibitor. However, when added during synthetic activity, rifampin, unlike chloramphenicol, allowed protein synthesis to continue for several minutes. These results indicate that de novo transcription is necessary for de novo translation and that no stable mRNA pool exists in these rickettsiae. UMP was incorporated into both rRNA and mRNA. The minimal conditions necessary for RNA synthesis contrasted with the complex medium required for protein synthesis. The half-life of the labeled RNA synthesized in these rickettsiae was approximately 16 min. It was concluded that all the rickettsial mRNA that had existed in the growing intracellular rickettsiae was degraded during their lengthy purification.
Rickettsia prowazekii, the causative agent of epidemic typhus, is an obligate intracellular bacterium that grows in the cytoplasm of its eucaryotic host cell unbounded by any parasitophorous vacuole. When isolated and purified, these organisms cannot grow, since the extracellular milieu lacks certain undefined host cell factors that allow the rickettsiae to grow in situ. Nevertheless, isolated rickettsiae remain metabolically active. These purified organisms induce their own phagocytosis to reestablish infection (17) , exhibit phospholipase A2 activity necessary to lyse erythrocytes (24) and presumably to escape from the phagocytic vacuole of their host cell (21, 25) , extrude protons via an ATPase that allows them to generate a proton motive force (27, 28) , accumulate lysine (15) and proline (22) ; generate ATP through the catabolisnm of glutamate and oxidative phosphorylation (1, 6, 7) , and acquire ATP in exchange for ADP via their ATP-ADP translocase (20) . The anabolic potential of isolated rickettsiae has not been well characterized. In fact, much of our information concerning biosynthesis in this genus comes from the pioneering work of Bovarnick and co-workers more than two decades ago. These investigators demonstrated the incorporation of acetate into lipid (2) and amino acid into protein (4, 5) . More recently, Dasch et al. have extended the observations on the synthesis of protein (8, 9) , and Winkler and Daugherty have demonstrated the incorporation of the glucose moiety of uridine 5'-diphosphoglucose UDPG into soluble oligosaccharides and into the rickettsial envelope (23) .
With the exception of a symposium presentation by Dasch et al. (9) , the synthesis of nucleic acid, either DNA or RNA, by isolated R. prowazekii has not been reported. With the recent advent of the cloning and expression of rickettsial genes in Escherichia coli (11, 12, 26) , the need for native mRNA from rickettsiae to probe the transcriptional units on rickettsial genes has become acute. This study provides confirmation that purified R. prowazekii can synthesize a great number of both cytoplasmic and envelope rickettsial proteins. It is demonstrated that exogenous UMP can be incorporated into mRNA and 16S and 23S rRNA and that the newly synthesized mRNA of R. prowazekii has a short half-life, approximately 16 min. In addition, it is shown that de novo protein synthesis in purified rickettsiae is dependent on the de novo synthesis of mRNA.
MATERIALS AND METHODS
Rickettsial growth and preparation. R. prowazekii Madrid E was propagated in 6-day-embryonated, antibiotic-free hen eggs by inoculation with a dilution of a seed pool (yolk sac passage 273). Infected yolk sacs were harvested 8 days postinoculation, and rickettsial suspensions were prepared from heavily infected yolk sacs and further purified at 4°C as previously described (20) . Only fresh (unfrozen) material was used in these investigations. Rickettsial envelope and soluble fractions were prepared by French press disruption (twice at 20,000 lb/in2) of the purified rickettsiae and ultracentrifugation (1 h at 100,000 x g) of the resulting extract. Protein was determined by the method of Lowry et al. (13) .
Conditions for protein and RNA synthesis. The standard medium for amino acid or nucleotide incorporation used in these experiments was essentially Bovarnick medium (4, 5, 18) . The ingredients consisted of KCl (100 mM), NaCl ( daily, adjusted to pH 7.2 to 7.4 with KOH, and filter sterilized.
The assay for incorporation was initiated by adding 1 volume of rickettsiae (at about 4 mg of protein per ml) to 9
volumes of medium, and the suspension was incubated at 34°C. At appropriate times, 100-,ul portions were removed to tubes containing 1 ml of ice-cold 10% trichloroacetic acid with sodium PP, (10 mM). After incubation for 30 min on ice, the precipitated protein and RNA were collected on membrane filters (no. HAWPO25; Millipore Corp., Bedford, Mass.) and washed with 20 ml of ice-cold 10% trichloroacetic acid containing sodium PP, and then with 10 ml of ice-cold 70% ethanol. Filters were dried and counted by liquid scintillation techniques. Separation of R. prowazekii rRNA by agarose gel electrophoresis. R. prowazekii rRNA labeled with [32P]UMP (5 mg of protein) was extracted and analyzed basically as described by Maniatis et al. (14) . The rickettsiae were centrifuged at 0°C and suspended in 5 ml of guanidine thiocyanate (Fig. 2) . The two amino acids for which transport systems have been characterized, lysine (15) and proline (22) , were also used as labeled precursors in selected experiments and were incorporated into protein with a time course and inhibitor sensitivity similar to that of the routine precursor leucine (data not shown). A comparison of the patterns after electrophoretic separation of total rickettsial polypeptides and autoradiographic detection of newly synthesized polypeptides confirmed the report of Dasch et al. (9) that most of the proteins of R. prowazekii were synthesized by isolated rickettsiae (data not shown). A comparison of the bands with those published for isolated inner membrane, outer membrane, and soluble proteins (16) showed that proteins in all three locations were synthesized by rickettsial isolates. Furthermore, the envelope proteins were not only synthesized as effectively as the soluble proteins, but were also inserted. The specific activities of the trichloroacetic acid-precipitable proteins in the cytoplasmic fraction and the washed membrane proteins in the envelope fraction, which were prepared from rickettsiae that had incorporated leucine for 1 h, were very similar, 7 + 2 and 8 ± 1 ,uCi per mg of protein (mean ± standard deviation, n = 4), respectively.
RNA synthesis. The ability of rifampin to inhibit the incorporation of leucine into protein suggested that new mRNA had to be synthesized before protein could be synthesized. The incorporation of UMP into RNA by R. prowazekii is shown in Fig. 1 . Under these conditions, 120 ± 51 (standard deviation) pmol of UMP were incorporated in 60 min per mg of protein. The time course for the incorporation of UMP was similar to that for protein synthesis (Fig.  1) . The synthesis of RNA was inhibited by rifampin but not by chloramphenicol (Fig. 2) . Preparations of uninfected yolk sac were unable to synthesize RNA. In contrast to the very complex medium originally described by Bovarnick et al. and used for protein synthesis throughout our studies (4, 5, 18) , a simple medium could support RNA synthesis. The same level of UMP incorporation was observed in a buffer containing glutamate, MgCl2, and the four ribonucleotides as was observed in the complex Bovarnick medium, but no protein synthesis occurred in the simpler medium even after supplementation with amino acids. It should also be noted that a sucrose-based medium, SPG (3), the most common medium for rickettsial investigations, could substitute for the potassium-based medium in experiments measuring RNA synthesis but not in those measuring protein synthesis. UTP (100 ,uM) could be used in lieu of UMP (100 ,uM) as the labeled precursor for RNA synthesis, but labeled ATP was unsuitable as a precursor, since the concentration required to support RNA synthesis was much higher (3 mM) and precluded an adequate measurement at this specific activity. GMP and CMP were not tested as labeled precursors but would presumably be as suitable as UMP because their concentration in the medium could be low.
To determine whether R. prowazekii could synthesize 16S and 23S rRNA in addition to mRNA, rickettsial RNA was labeled with UMP, purified, and separated by electrophoresis on agarose gels. The rRNA bands from rickettsiae were located by reference to an RNA ladder standard and were readily visualized after the preparation was stained with ethidium bromide. Autoradiography demonstrated the incor- poration of label into these bands (data not shown). The mRNAs were, as expected, too heterogeneous to be visualized.
Degradation of RNA. The inhibition of protein synthesis by rifampin indicated that during the 4 h required for purification of the rickettsiae from yolk sac contaminants, the rickettsial mRNA, which must have existed while the rickettsiae were growing in the yolk sac cells, had been degraded. Addition of chloramphenicol 11 min after the initiation of protein and RNA synthesis caused rapid termination of protein synthesis (Fig. 3) . However, addition of rifampin at the same time allowed protein synthesis to continue for approximately 5 min, presumably until the mRNA that had been synthesized during the 11-min period was degraded. The degradation of total labeled RNA was investigated directly by labeling the rickettsial RNA as usual for 11 or 61 min, adding rifampin to prevent further RNA synthesis, and taking samples of the rickettsiae to determine the amount of precipitable labeled RNA which remained as a function of time. The RNA decayed with a half-life of approximately 16 min (Fig. 4) .
DISCUSSION
In 1959 and 1960, Bovarnick et al. (4, 5) first demonstrated that host-free R. prowazekii isolates could synthesize protein. These classic observations have been extended, but not improved upon, by Dasch et al. (8, 9) and by the present study. The availability of new specific inhibitors and purification methods has now established that this protein synthesis is indeed of rickettsial origin and is not due to contaminating host cell cytoplasmic or mitochondrial protein synthesis machinery. The methodology for separation and detection of unlabeled and labeled rickettsial polypeptides and for fractionation of rickettsial extracts has made it possible to demonstrate that many rickettsial polypeptides, representative of fractions from all parts of the organisms, can be synthesized. This is a generalized synthesis of rickettsial protein, not the synthesis of a few atypical proteins. However, the rate and extent of in vitro protein synthesis The contention could have been made that a slow-growing organism such as R. prowazekii, with a generation time of 8 to 12 h, would have evolved to have a low rate of mRNA turnover. Of course, the decay rate in situ could be lower, or one could postulate that the rickettsiae need a rapid turnover of RNA to adjust to changing intracellular conditions. However, the relatively rapid decay of mRNA demonstrated herein suggests that the ribosomal transit time, and thus the amount of protein synthesized per mRNA, is similar to those of faster-growing procaryotic organisms. Hence the low rate of growth might well be determined by a reduced activity of the RNA polymerase relative to that in the faster-growing organisms. Direct measurement of rickettsial RNA polymerase activity is needed to confirm these speculations. The knowledge that isolated R. prowazekii make mRNA and the simple conditions required for its synthesis will be especially significant in light of the advances in the cloning of rickettsial genes into E. coli (11, 12, 26) . The mRNA made in rickettsiae can be hybridized to cloned rickettsial DNA and digested with Si nuclease to determine the promoter regions used by rickettsiae. In addition, the newly synthesized mRNA can be probed with known rickettsial genes to determine the specific transcripts made in vitro.
